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EFFECTS OF (a,n} CONTAMINANTS AND SAMPLE MULTIPLICATION
ON STAT1STICAL NEUTRON CORKELATION MEASUREMENTS

E. J. Dowdy, G. E, Hansen, A, A. Robba, and J. C. Pratt
Los Alamos Scientific Laboratory
L.os Alamos, New Mexico, 87545, USA

ABSTRACT

The complete formaliem for the use of
statistical neutron fluctuation measurements
for the nondestructive &ssay of fissionable
materials has been developed. This formalism
includes the effect of detector deadtime,
neutron multiplicity, random neutron nulse
contributions from (o,n) contaminants in the
sample, and the sample multiplication ¢f both
fission-related and background neutrcns.

1. Introduction

Detecting and analyzing the %ime corre-
lations in the pulse trains from nreutron
detectors has become the establishet metoaod for
nondentractive assay of samples containisg
plutonium. Tire correlations resgu. t frorm the
rultipliicity of neutrons vmitted i, a fisrion
ovent or from chajn correlated fission events
in the case of multiplying sampies, The
presence of ‘hese time correlationrs provide:s
for the po.sibility of separating th» contriou-
tione to the pulse train of {issiot and random
neuiron emitting events. This 3separation has
been attempted in various ways with varying
degters of Buccess., The techniques have
employed count time gates associated with
variable deadtime circuits! or coincidence
=ircuits? and contiguous time intervale
associuted witn reduced variance logic
circuits, 304 An exper imental comparison5
has reen made of variahle deadtime circuit and
the shift register coincidence circuit,b and
a theoretical comparison7 has been made of
‘the coincidence and reduced variance methods,
In the forirer report, the shift register tech-
niquec was ghown to be a more accurate agsay f{ot
plutonium than the variable deadtime technique
over a widr range of uample mizer. 1In the
latter report, the ahift register technique warn
said to bhe difficult to analyze fully, and {t
is speculated that the reduced varinnce tech-
nique apprars to extract more intormation from
ench yate period and might therefore offer more
crficient une of th> meanurement time available,
providing greater accutracy for the same overall
time or lere time coneumed for the mame
accuracy. ‘Thir mpeculation may reault {rom
the realiration that the reduced variance
method retaine the himtory of the pulae popu-
lation in an individual time gate wherear the
coinzidence methodr averaqe all of the indi-
vidual time gate pulme populatiore.

Wo heve ahared thie perception of the
petential for obtaining more fnformation from
the pulre train uring the reduced vatiance

method, and were the first to accurately assay
large multiplying plutonium metal samples (up
to 4.1 kg) by making use of this method.4 wWe
continue to be motivated to explore the
application of the reduced variance method to
cpecial nuclear material (SNM) assay and have
expanded the formalism to include multiplying
samples other than pure metals,

In the earlier paper,4 the basic formal-
ism for assay of plutonium using the reduced
var iance or neutron fluctuation technique was
presented, This version of the formalism was
limited to the special case in which all
neutrons originate in fission events, either
spontaneous or induced, It wacs shown that pure
plutonium mets! camples, even those for which
multiplication was significant (»2), could be
assayed using this technique, 1In addition, it
was shown that the assay of ponmultiplying
samples containing (n,n) contaminants was
poccible.

Presented in this peper is the complete
formalism fcr the use of neutron fluctuation
measurements for plutonium assay. It accounte
for sample multiplication and (a,n) contami-
nants in addition to spontaneous fissionr in
the sample. The effect o1 detector deadtime
on the measurement is carried completely
through this formalism. Measurements ' ing
noamultiplying 2°2Cf ard (a,n) sources arc
discusted and the resultr used to determine the
parameters ¢, 1, and !, the efficency, dead-
time, and dieaway time of our detection system,
The interval size wused in neutron fluctuation
measurementrs is optimized to produce a minimum
fractional statistical error for a fixed
counting time in Q, the measurement value tiat
is proportiona. to the time correlated neution
count rate from the sanple,

2. Theory

We connider a sysntem in which neutrons are
produced by (u,n) reactionr, spontaneour
fimgion and neutron induced fimgion., We ure
the followina forms for P(t) and Pg(t); the
probatility that a neutron oorn at time 0
producen 8 pulne in dt about t and the
probability that a neutron born at time 0
producen a fisrion {n dt about |, respectively
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where: € = detector efficiency (assumed
independent of neutron origin)

= inverse neutron lifetime

Rossi-alpha = (1-k )B
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where: & = total sourcve strength
w {(R+\' F +\' F )
R = un:orrelglua *n.n) source strenath
\ ¥ = gpontaneous fimslor nource
Atrength
v, F. = neutron induced fission source
strenqgth

and we have uwAaed the shorthand
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Similarly:
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where W, (t ,t_,t_Jdt_ is the conditional probabi-
lity that, given a pulse pair at t_,t,, there is

alre a pulse in dt, about t, a i i& gliven by the
relation:
F:(l],f_‘,,tj’ = letl,tz)hz('.l,tz,t:!)

Then usina an approximation similar te that used
atoove For the case of small dvalduire, we o cbran
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Finally, we oltain:

¢y l 1 -
o

and

FEP y —nt n ‘l-.- vl
Co=1) = a Tt o4 M e S - "".‘
1 . " ol




where:
Te T -7
o 3
3.5 “Sv(v=1)Fa1
nl-czsz-ZC soy - St bral

2
(1-kp)

2:375\(v-1)Fa
2
1=k )
¢ [

- Eav(v-l)Fu =
2(1-k )2
P

—_— 3 2
N :31w_\_.-1) (\--2)Fu2 _E v(v—l)r‘ksvl(m:l) G

3 - 4
3(1-k v, (1-k )
( p) 1 E
— 2
5:3'.\‘(\'-]) {(v=2)Fa
283 %° 3
I(1-k )
r!
Using the aprroximations:
2
T 21
] - - S —
( T ‘) T()
o
an:
. E-.
a, = —
we obtain:
. - )
m—— AU S U & SIS X
TSI ¢ 4 1— . -1 11‘:: K [1_“ J
) {1-k )°
(4 li
where:
-
q(x) = ] = l;(—
X
Ve (e o -1 A
hr v 4 =0 __(_l-)(_'_) 1 4 o gl l'..."
« ranrs . Jaea)
\{a=1)
.__'—.'__'\ Ik \'l(—_:l)
s Bkl PN L 1
e (1-k) 2v, (1-k )

The approximation results from noglecting the
term due to counting of triples fram a fisr.on
event.

Letting C(C=1) - CZ2 = Qn, one has
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Ah examination of this expression reveals that
the multiplication, M = 1/{1=kp), and the
spontaneoun and induced fission componente P,
and ¥, are inseparable without kmwledge of
tw of the thiee unknowns M, P, and P,

Bowever, for the special case of pure metal
samples wvhere there are negligible (a,n)
SOUrces, we cah aake the substitutions

Co = C/M and C) = C(M-1)/M
and obtain
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where D: = -\-"I.(-\'i-l) / \T‘ and
ic . cR
B> s {301—1)01 - Do}

All of the variables and parameters in
this expression are known or ieasured except
for “he multiplication M which is thence
determined by observation of Qu. The count
rate, Co, which is proportianal to the
effective 3‘°Pu mase, is thence determined
from Co = C/M.

Por another special case, of a
nonmultiplying sample containing (1,n) mourcer,
we set kp = 0, and obtain

-:2
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where

This expreasion can be solved directly for EO.

3. Expvrimental Methcd

The system that 1s used for cur investi-
gations of the reduced variance method cun-
sints of a typical large (69cm x 60cm x 70cm)
polythune-moderated well type msutrcn detector
vith sixteen 2.%-cn diamete:, 60-cm long JHe
proportiaona) counters, amso:iated logic pulse
generating electronicn, and a microNOVA
computer inte:’>»ced to the electronice via
scaler/timer ir':.rface brards. Total
Reasurement timis a4 individual time bi:
widths can be user avclected via a keyboard or
say be placed un’y:. @'t .ware control for
paramettic measur.i:at:. The reduced variance
a'gorithm calla fo t¢“e accumulation of the
oomplute neutron pulae dletribution and the
calculation of the firat rthrouwgh fourth rrmientn
of the distribution about the oriqin and the
combinations of theve mamenta required for the
error analysis o1 .



4. Results

The data in Table I were obtained assuming
that C,, the average number of counts per
interval due to fission, does not charge when
additional random (o,n) source neutrons are
added to the system. These data were [itted by
weighted least squrres with the expression for
Om above using_the wvalue
Vo = 3.74 and V., = 15.54 for 252Cf to
obtain:

€ = 0.1594 + 0.0019
T = 1.332 + 0.0095 s
B = 0.01488 + 0.00047 ys~1

A very interestir . result of this analysis
routine is that the efficiency of the neutron
detector has beer determined without the use of
calibration standards,

For any measurement of Q, the standard
deviation of Q, OQ, can be readily determined
using the moments:

(’2 c2 =2

- ¢
- =
N-1
o _ Lot ch?
2 N-1
O o 2%
¢ .2 -1

where N is the number of count intervals in
the measurement and the variances and covari-
ances of ¢, 1, and £ are available from the
least squares fit above:

C. . = 1.363 x 1076

i

ol = 5.599 x 1076
g, = -0.6013 x 1076

'

1t is assumed that covariances between C, C2,
and T, ¢, [ are zero because these sets of
values are obtained from different measurements.

Measurements of O were made with a 252¢¢
source and a constant run time (200C B) with
interval size T, varied over a wide range. A
plot of the ralio Qg/Q is glven in Fig. 1,
This sho+s an optimum interval size of
approximately 150;,8, on the order of twice the
dieaway time,
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Again, using the detector system for which
the parameters T, £, and £ have been determined,
and the expressions for Qp, the affective 240py
mass and multiplication can .be determined for
pure metal samples, and the effective 240py
mass can be determined for any nonmultiplying
sample.

5. Conclusions

The complete formalism for the determina-
tion, using the reduced variance or neutron
fluctuation method, of the fission co-related
pulses in a pulse train from neutron Jetectors
has been developed. The formalism exp.icitly
includee the effects of detector efficiency,
deadtime and dieaway time, and contributions
from (a,n) and induced fission events. An
error estimator has also been provided. The
formalism hus oeen used to -~ompletely
characterize a neutron well counter used for
plutonium sample assays. We have shown how the
effective 240py mass and multiplication can
be determined for metal plutonium samples
without the parametric m=thod invoked in our
earlier paper, and how the effective 240py
mass can be determired for any nonmultiplying
sample containing (a,n) sources. We have not
¥et used the formalism for the determination of

40py mass in multiplying samples containing
(a,n) sources.
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MBLE 1

MEASUREMENT DATA USED IN DETERMINING THE PARAMETERS IN THY EXPRESSION POR Qn

source To,vl CD [ Q- Q‘
ce-1 1c0 0.02520 0.02520 0.00570 0.00008
200 0.0%00 0.0500 0.0161 0.0001
500 0,1248 0.1248 0.0506 €.0003
1000 0.2488 0.2488 0.1079 0.0008
2000 0.49¢ 0.496 0.224 0.302
4000 0.994 C.994 0.456 0.005
Ct-1 + (a,n) 100 0.02520 6.0600 0.00578 0.00008
200 0.0500 0.1198 0.0160 06.0001
$00 0.1248 0.:966 0.0508 0,.0005
1000 0,2488 0.594¢ g.110 0,001
2000 0.49¢6 1.188 0.23 0.01
4000 0.9%4 2.374 0.449 0,008
[+ £¥] 100 0.2017 0.2017 0.0454 0.0009
200 0.3992 0,399: 0.1281 0.0004
500 0.9958 0.8958 0.400 0.002
1000 1,988 1,968 0.859 0.004
2000 3.97% 3,975 »m 0.01
4000 7.945 7.945 3.%9 0.03
Y 4 () 100 0.2017 2.9117 -0.197 0.001
200 0.3992 5.78 -0,361 0.003
00 0.9958 14.404 -0,83 0,02
13%0¢C 1,988 208.767 -1.62 0.04
2000 3.975 87.49 -3.2 .l
4000 7.945 114,89 -6.0 0.3
ct-3 10¢ 0,43¢4 0.43F2 0.094° 0.0022
200 0.8€67% .06 0,269 0.0008
50¢C 2.160 2,160 0.85¢ 0.003
l1o¢e 4.107 4,307 1.839 0,004
200C B.624 8.624 3.81 .03
400< 17,72 17 23 7.86 0.07
Cf-3 «+ (u,n) 1o 0.4364 31178 =0.190 0,00)
20¢C V. BE75 6.19 -0.312 0.004
500 2.16C 15.42) -0.62 0.01
1000 4,307 3C.eC! -1.1% 0.04
2000 0.624 61.6 -2.5 0.1
4000 17.23 123,00 -4, 0.3
ct-4 10C 4.0 43171 0.294 0.0C2
200 8.577 8.%7, 1,2%2 QJ,00¢
800 2) . 348 21,480 4.6 0 03
1007 42.65% 42.65% 10.26 0.07
000 0.2l [ 0.5 0.2
400¢ 170,26 170.2¢ 4.0 0.¢
Cl-4 + (ayn) 100 4.0 6.677¢ =0.585%¢ 0,003
00 8.7 13,264 =0.556 o.oop
$00 21,00 33.01% ~0.14 [NR
1000 42,65 6%, 9¢ 0,64 0.09
2000 [ L) 131,08} 2.} 0.}
doue 170.26 26).4] 5.9 0.8
ct-s 10¢ 6.902 6.907 -0.18% 0.00}
200 13711 1% 0,%6" 0.0Cu
so0 ¥ Man 3.8 0.04
100¢ 68 .17 ol 17 .4 0.1
2000 136.27 e 18.% 0.1
1000 72.29 272,29 0.2 0.9
Ct-% ¢+ {a,n) 100 4.902 9.09%¢ ~1.32 0.00)
200 13,7111 18,071} -1.8¢ 0.01
\O0 MaR 44,991 ~2.8¢ 0.04
1000 .17 89, n¢ -4.4 0.]
2000 136,27 179.%7 =73 0.4
400¢ 272.29 b LN 3 =13 0.9
{ta,n 100 0.0 2.7020 =0, 20¢ 0.001
0 0.0 3,360 -0,40R 0,00}
500 0.C 13,940 ~1,02 0.01
j00n 9,0 26 .4y -2.0% 0.0)
2000 0.0 1. -39 0.1
4000 0.0 106,67 8,0 0.)



